background: Embryo transfer, a crucial step for achieving pregnancy after in vitro fertilization, is an operator-dependent technique but the number of procedures required for a trainee to reach proficiency is unknown. We set out to evaluate the learning curve (LC) of embryo transfer using a specifically designed statistical tool.
Introduction
Embryo transfer is the last and crucial step of the in vitro fertilization (IVF) process (Levi Setti et al., 2003) . The results of embryo transfer have been reported to be affected by the number and quality of the embryos transferred (Papanikolaou et al., 2008; Pandian et al., 2009; Weitzman et al., 2009) , by the type of catheter used (Yao et al., 2009) , by the level of difficulty of the transfer (Visser et al., 1993; Tomás et al., 2002) , by the presence of blood in the transfer catheter (Alvero et al., 2003) and the presence of uterine contractions at the time of transfer (Fanchin et al., 1998; Fanchin et al., 2001) . Moreover, embryo transfer is recognized to be an operatordependent technique (Karande et al., 1999; Hearns-Stokes et al., 2000 , Yao et al., 2009 ) and might benefit from better standardization (Van De Pas et al., 2003) . However, there are few data concerning the number of procedures required to become proficient in embryo transfer. Only one study evaluated this question by comparing pregnancy rates (PRs) between the first 25 transfers and the second 25 transfers in five trainees (Papageorgiou et al., 2001) . There is thus a need for embryo transfer quality control procedures to assess the learning process of trainees as well as to monitor performance.
Various methods can be used to determine whether a trainee has reached proficiency. Although standard practice is currently to perform a recommended number of procedures under supervision, this approach is not well tailored to individual. A statistical tool, the cumulative summation test for learning curve (LC-CUSUM), has recently been developed to help decide when the learning curve (LC) for a procedure is completed by indicating when it has reached a predefined level of performance (Biau et al., 2008a; Dessolle et al., 2009) . CUSUM techniques have simple formulations, intuitive graphical representations and are capable of detecting small persistent changes (Montgomery, 2008; Biau et al., 2008b) .
The purpose of the present study was to evaluate LC-CUSUM as a tool to monitor the LC of embryo transfer.
Materials and Methods

Patients
Over a 6-month period, we prospectively evaluated the first embryo transfer procedures performed by 5 first year residents in reproductive medicine in our university IVF centre in Nantes, France. Their performances were compared with that of a reference gynaecologist. All the data regarding patients, clinical and biological procedures as well as the results of our program were daily recorded in a registered database. The data from 241 consecutive embryo transfers performed by the reference gynaecologist were taken retrospectively from the same data base.
Patients were consecutive women undergoing IVF or IVF with intra cytoplasmic sperm injection in our department in 2008. The criteria for patient selection for IVF, the management of controlled ovarian hyperstimulation, oocyte retrieval and laboratory procedures have been reported elsewhere (Jean et al., 2001; Freour et al., 2008) . Our transfer policy is tailored to the patient's history and the results of early embryo development. Candidates for a first blastocyst transfer were women undergoing a first cycle, from whom at least five zygotes were obtained. Cleavage stage embryos were evaluated on the basis of the number of blastomeres, blastomere size, fragmentation rate and presence of multinucleated blastomeres . Day 3 embryos with 8 or 10 regular blastomeres, less than 20% fragmentation and without multinucleated blastomeres were defined as high quality embryos. Blastocyst development and morphology were checked on Day 5, on the basis of blastocoelic cavity expansion and the number, cohesion and regularity of trophectoderm and inner cell mass cells (Gardner et al., 2000) . A blastocyst with good morphology was defined as having expanded blastocoelic cavity, well-defined inner cell mass and a regular layer of trophectoderm cells. Usually only one embryo was transferred at blastocyst stage (occasionally two) and one or two (occasionally three) cleavage stage embryos.
All the patients gave informed consent to the procedures and the use of their data for research purposes. All the trainees consented to the study.
Transfers
Trainees performed embryo transfers under supervision of a senior gynaecologist. Each trainee was on duty for an entire week and performed all the embryo transfers, on the basis of the patient's consent and the senior gynaecologist's decision.
The trainees' initial experience with uterine catherization was limited to intrauterine sperm insemination (IUI). Each trainee had performed at least 20 IUIs before starting embryo transfers. embryo transfers were standardized and guidelines were given to the trainees at the beginning of the training course and repeated for as long as necessary.
Luteal phase support with vaginal progesterone (600 mg/day) was started on the day of oocyte retrieval.
Patients were asked to drink 500 ml water during the hour before embryo transfer, to have a full bladder. Trans-abdominal ultrasonography was performed by an assistant before and during the procedure first to check the direction of the uterus and then to monitor catheter placement. The cervix was not wiped unless the orifice was invisible. Particular attention was paid to avoidance of touching the bottom of the uterine cavity with the catheter and depositing the embryo 1 cm from the fundus. First choice catheter was a soft one (Frydman TM , C.C.D., Paris, France). If the soft catheter was unable to cross the cervix, a firm catheter (TDT TM , C.C.D.) was used. Traction on the cervix to reduce the uterocervical angle was performed only as a last resort. The degree of difficulty of the transfer was recorded and graded from 1 (easy) to 3 (difficult). The trainee was responsible for delivering the fluid containing the embryos.
The primary outcome measure was a positive hCG test. The overall PR was defined as the number of positive hCG tests over the number of procedures performed. The LC-CUSUM was based on the outcome of the hCG test.
Statistics
The LC-CUSUM was developed to determine whether a process has reached a predefined level of performance (Biau et al., 2008a) . It computes a score (S t ) from the successive outcomes. The LC-CUSUM has the ability to reject the null hypothesis that performance is inadequate when the score is equal or superior to a certain predefined value (h). When S t is equal or superior to the limit h, the null hypothesis is rejected and performance is considered to have reached an adequate level.
Graphically, LC-CUSUM displays a score S t based on the results of transfer procedures on the y-axis against the successive procedures (t) on the x-axis. Performance of the trainee is considered inadequate as long as the score S t remains below a limit h (negative limit chosen here). If the score S t reaches h, the trainee is considered to have reached proficiency. A negative pregnancy outcome will yield an increase in the score S t , when a positive outcome will yield a decrease in the score S t ; therefore, the score S t decreases with increasing performance until it reaches the limit h. The LC-CUSUM incorporates a holding barrier at zero that cannot be crossed and the score S t thus remains at zero if the trainee accumulates numerous successive failures. In this way, the LC-CUSUM remains responsive at all times and if, for instance, poor performance resulted from poor technique, with improvement in technique the trainee will not have to compensate unnecessarily for all the accumulated failures and may be able to show adequate performance in due course. Once a trainee's results rise above h, the data are monitored and plotted in a different way, known as the CUSUM.
Conversely, the CUSUM is designed to detect a shift from adequate to inadequate performance. It is designed in such a way that it is plotted above the x-axis and that the score S t increases with poor performance. This is achieved by recording failures as a rise and successes as falls. As long as the S t score remains below the limit h (positive limit chosen here), the performance is deemed to be adequate. If the score S t crosses the limit h, unacceptable performance is demonstrated. In the present study, the CUSUM was used after the trainees had shown proficiency to ensure that the performance was kept at an acceptable level. The same CUSUM parameters were also applied to monitor the reference gynaecologist's procedures. In the present study, acceptable and unacceptable failure rates were determined by consensus among care providers. Forty percent positive hCG tests was adequate and 20% inadequate performance. The equivalence limit was set at 10%. For the LC-CUSUM, a limit h ¼ 1.86 was chosen so that the risk to declare a trainee proficient when his or her performance is inadequate (Type I error) was limited to 1.7% over 100 procedures and the risk not to declare a trainee proficient although his or her performance is adequate (Type II error) was 10%. For the CUSUM, a limit h ¼ 4.71 was chosen to yield Type I and II errors of 4.4 and 2.5%, respectively, in 200 procedures. Detailed explanations with regard to hypotheses, formulation of LC-CUSUM and CUSUM tests, performances and limits are given in Appendix.
Results
Trainee 1 to Trainee 5 completed 154, 160, 97, 122 and 72 procedures, respectively. Patient, cycle and transfer characteristics for each operator are shown in Table I . No significant difference between trainees was observed for these factors. The number of procedures completed depended on when the trainee arrived in the department and accrual of procedures. Their overall PR was 40, 34, 44, 42 and 36%, respectively (Table II) .
The LC-CUSUM showed that all the trainees reached adequate performance. The ideal level of achievement was reached after procedure 58, 99, 47, 36 and 11 for Trainee 1 to Trainee 5, respectively (Fig. 1) . Although Trainees 4 and 5 demonstrated competency early in their LC, subsequent monitoring with the CUSUM showed initially an erratic CUSUM score which may represent performance around target value. Nonetheless, the CUSUM did not indicate inadequate performance and scrutiny of the process continues.
To enable comparisons with other studies, raw PR during the LC, during the trained period and during the first 25 and the second 25 embryo transfer are detailed in Table II .
Over the 241 consecutive embryo transfers performed by the senior gynaecologist, the overall PR was 42.7%. The CUSUM showed that performance remained adequate during monitoring (Fig. 1) .
Discussion
This study shows that LC-CUSUM can be used to evaluate the learning process of embryo transfer and provides an exportable model for continuous monitoring of individual performance in this procedure.
There are few published data concerning learning processes and trainees' performance in the field of assisted reproductive technologies. Because embryo transfer is crucial for achieving pregnancy and is a 'clinical touch' technique, the question of skill acquisition should be defined in training programs (Wittenberger et al., 2007) .
Learning a new procedure must be supervised until an acceptable level of performance has been reached. However, it is difficult to decide when a trainee has become proficient. Indeed, the time and the number of procedures it takes to learn depend on the trainee, tutor and department, on the kind of procedure and on the required level of performance. Thus, it is not surprising that the number of procedures required to learn basic surgical techniques varies so widely in the published studies (Dagash et al., 2003) . LC-CUSUM enables quantitative assessment of individual learning processes. Moreover, it provides a graphical representation and a recording of the LC, which might be useful for tutors and teachers responsible for certification. Instead of consisting of an arbitrary number of procedures, learning can become a tailored process to be continued until the required level has been reached.
In this study, the acceptable and unacceptable failure rates were based on the experience of the department and published data (Barber et al., 1996; Sinclair et al., 1998 LC-CUSUM have to be set rigorously, the adjustments are simple to perform, which makes this model easily exportable, user-friendly and adaptable from one department to another.
One limitation of our study resides in the fact that the embryo transfers performed by the trainees were not determined by randomization. Typically, a trainee would be on duty for an entire performed by five trainees were monitored. LC-CUSUM and CUSUM scores are plotted in terms of the successive procedures, evaluating performance by the results of hCG tests. CUSUM was also used to monitor 241 consecutive transfers performed by a senior gynaecologist. LC-CUSUM is applied until acceptable performance has been reached and CUSUM is used thereafter to ensure that adequate level is maintained. For the LC-CUSUM, as long as the score remains over the limit h (dotted line), the trainee is not considered as proficient; when the LC-CUSUM score crosses this limit, the trainee is considered to have learned the procedure. For the CUSUM, as long as the score remains under the limit, the operator is considered to maintain an acceptable performance.
week and perform embryo transfers on the basis of the patient's agreement and the senior gynaecologist's decision. Although the main identified confounding variables which may have influenced the outcome did not show significant differences according to the trainee who performed the transfer (Table I) , the comparison of their performance during the learning process might be biased. A further study should thus use randomization to determine which trainee should perform the embryo transfer. Nevertheless, our study enables an accurate individual evaluation and shows that there was a clear LC in the five trainees, each of whom had a different LC length. This prompts us to believe that tailored monitoring of the embryo transfer LC is necessary. However, our results contrast (Table II) with those published by Papageorgiou et al. who evaluated the number of procedures required to become proficient in embryo transfer in the five trainees. They observed that PRs were lower for the first 25 transfers than for the second 25 transfers in three trainees (Papageorgiou et al., 2001) . As the overall PRs of the trainees were not statistically different from those of experienced staff after 40 -50 procedures, they postulated that 50 was an adequate number needed to learn embryo transfer.
In our model, proficiency is reached when the sequence of failures and successes is adequate and not merely when a good overall PR is obtained. The number of procedures required to learn embryo transfer ranged between 11 and 99 in our five trainees. By the end, they achieved a good level of performance which was maintained after completion of the learning phase. This was ensured by using standard CUSUM after completion of the LC, a practice which these trainees continued beyond the study period. This would seem to us to be the right approach in quality control.
CUSUM were initially developed for monitoring industrial processes at the beginning of the 20th century but have only been applied in medicine for 2 or 3 decades. CUSUM are designed for continuous assessment of performance and to indicate when a process becomes out of control (Wohl, 1977) . For managers in charge of quality control of procedures, being able to recognize periods of poor performance is crucial to shorten time to decision. Because of the natural variability of biological processes and of the large number of data to be checked in reproductive medicine, computer assistance is helpful. The increasing use of electronic records enables the development of real-time security systems. CUSUM methodology allows prospective monitoring of the key outcomes and the detection of deviations from acceptable standards, provided these standards can be defined. Moreover, individual performance can be quantified and compared within a team or from one centre to another.
In the field of embryo transfer, CUSUM might also be used to evaluate the impact of new strategies that are developed to improve PRs. Implementing CUSUM as an unbiased evaluation tool might reveal that some established practitioners actually underperform and might help them adapt and improve their technique.
Conclusions
Using LC-CUSUM and CUSUM, this study provides an exportable model for monitoring the LC of embryo transfer as well as a reference curve for continuous monitoring of performance in embryo transfer. The range of the length of the LC of embryo transfer was large in five trainees, showing that the number of embryo transfer required to learn this procedure depends on the trainee. A tailored training is thus necessary. We recommend the use of CUSUM methodology for quality control. each hypothesis in a traditional way, and we conclude that an acceptable performance has been reached when both CUSUM statistics have crossed their limit. Since we are interested in testing whether the failure rate of the trainee is above the inadequate performance, the corresponding hypothesis H01 only is tested.
LC-CUSUM test performances are expressed in terms of alarm discovery rates, i.e. the average number of series of specified length during which an alarm has occurred under the null (ADR0) or alternative (ADR1) hypotheses. The ADR0 corresponds to Type I error and 1-ADR1 to Type II error. The lower the Type I error and the less risk to consider a trainee has reached adequate performance when (s)he has not; the lower the Type II error and the less risk for the LC-CUSUM not to signal by the end of the series, although the trainee has reached adequate performance. For instance let us consider a LC-CUSUM test with a Type I error of 10% and Type II error of 5% within 200 observations. This means that there is a 10% chance that the LC-CUSUM will signal within 200 observations, although the trainee has not reached the adequate level of performance, and there is a 5% chance that even if the trainee has reached adequate performance, the LC-CUSUM will not detect it during these 200 observations. Type I and II errors depend on the limit h and on the levels of adequate and inadequate performances chosen.
Detailed application of the data:
The CUSUM and LC-CUSUM scores are written as: In the present study, adequate performance was set at 60% failure rate and inadequate performance at 80% failure rate. The equivalence limit was 10%. Type I and II error rates were determined based on simulations of 10 000 samples under the null and alternative hypotheses, respectively, for the CUSUM and LC-CUSUM. Appendix Table I shows the LC-CUSUM and CUSUM scores computed for the first 20 manipulations for Trainee 5. Negative scores are accumulated with successes for the LC-CUSUM and with failures for the CUSUM. 
